INTRODUCTION
Alzheimer's disease (AD) is a neurological disorder that progressively impairs memory and cognitive capability of patients. 1 The presence of extracellular amyloid deposits, or plaques on neuronal membranes, is a significant histological or diagnostic marker of AD. 2, 3 A major component of these plaques is a self-aggregated fibrillar form of beta-amyloid (Aβ), a short 39-42 residue amphiphilic peptide of ~ 4 kDa. 3 Monomeric Aβ is released upon a highly regulated sequential proteolytic cleavage of the large 100 kDa transmembrane amyloid precursor protein (APP) by two proteases, beta and gamma secretases. 3 The normal, nonpathological concentration of Aβ in the extracellular matrix is subnanomolar, but its physiological role is unclear. 2, 4, 5 In vitro studies of Aβ reveal that monomeric Aβ adopts a largely random-coil structure [6] [7] [8] in aqueous solution. At the nonphysiological micromolar concentration region, monomeric Aβ peptides rapidly unfold and self-aggregate to form soluble protofibrils or oligomers that are toxic to neurons. 3 The detailed structure of these oligomers and the factors regulating their formation are still unknown. 2 According to the amyloid cascade hypothesis, 2, 9 selfaggregation of Aβ into toxic oligomers is a critical event in the pathogenesis of AD. The key factors that modulate the interaction of monomeric or oligomeric Aβ with the neuronal membrane, a major site of the Aβ deposit formation, 9 remain unclear. At present, early lipid membrane interaction events of monomeric Aβ, between its release from the parent APP and before the toxic oligomer formation, are difficult to access either experimentally or computationally.
Experimentally, the major challenge lies in the preparation of structurally homogeneous, monomeric Aβ samples in solution or in lipid membranes. This difficulty stems from the peptide's propensity to spontaneously form mesoscopic oligomers. 10 Computationally, only the NMR-structure of Aβ 40 in micelles, 11 a lipid membrane-mimic, is currently available. However, the primary structures of Aβ 40 and Aβ 42 , the 40 and 42 residue-long major Aβ peptides, are known. 2, 11, 12 Significant progress in the computational study of the Aβ interactions with membranes requires a computationally robust and biologically relevant multi-component lipid/water membrane nanodomain model. The model system should capture the structures and dynamics of key lipid components with high atomic resolution. Several lipid models of well-defined organizations and/or compositions have been proposed. [13] [14] [15] [16] [17] Most current studies of Aβ/membrane interactions use small singlecomponent lipid membranes. [18] [19] [20] [21] [22] [23] [24] [25] [26] However, accumulative experimental evidence suggests that lipids in cell membranes are not randomly distributed, but exhibit highly ordered cholesterol-enriched nanodomains known as "lipid rafts" that are surrounded by disordered cholesterol-depleted lipid matrix, or "non-lipid raft regions". 15, [27] [28] [29] [30] [31] [32] [33] Therefore, these singlecomponent lipid bilayer models may not provide useful information regarding the conformational transitions of membrane-active peptide structures and their disruptive effects in membranes.
This computational study used phosphatidylcholine (PC) and PC/Cholesterol (PC/CHOL) bilayers to mimic the cholesterol-depleted and -enriched lipid domains of neuronal membranes. We focused on the interactions of Aβ 40 and Aβ 42 with these lipid domains in a pre-inserted state, which represents a possible initial orientation state of Aβ immediately upon its release from the APP by the secretases. 11 We have examined the protein insertion efficiency, protein unfolding and protein-induced membrane disruption. The latter was characterized by the calculated water permeability barrier, transbilayer lipid polar group distribution and order parameters of both PC acyl chains and cholesterol rings. Our results reveal a protective role of cholesterol in preventing both Aβ-induced membrane disruption and membrane surface-induced beta-sheet formation. The latter is important because surface-induced beta-sheet formation may provide a template for the formation of toxic oligomeric Aβ that further leads to the pathogenesis of AD.
MATERIALS AND METHODS

Beta-amyloid Primary Structures
The primary sequence of Aβ 40 and Aβ 42 are known and shown below. 3 Both peptides share the same first 40 residues, but the Aβ 42 contain two extra residues, ILE and ALA.
H-Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys-Leu-Val-Phe-Phe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-Gly-Gly-Val-Val-(-ILE-ALA)-OH.
Simulations of Beta-amyloid in cholesterol-depleted and -enriched membranes
The simulation systems consisted of four different protein/lipid/water/ion complexes: (A) Aβ 40 in PC, (B) Aβ 42 in PC, (C) Aβ 40 in PC/CHOL, and (D) Aβ 42 in PC/CHOL. All simulations were in the presence of explicit water and counter ions. We used a 1palmitoyl-2-oleoyl-PC with a saturated sn-1 chain (16:0) and an unsaturated sn-2 chain (18:1) for our PC lipid. Four independent replicates, each with a different initial velocity distribution but identical initial coordinates of the lipid and protein atoms, were generated for each series. Each replicate of a given series was denoted by a number running from one to four. In total 16 replicates were generated: A1-A4, B1-B4, C1-C4, and D1-D4. In addition, 8 extra independent "control replicates", four of pure PC and four of pure PC/ CHOL, were generated to provide protein-free controls. Each system was simulated for 200 ns, for a grand total of 4800 ns for the 24 trajectories generated in this study. Aβ 40 , for the A and C series, or Aβ 42 , for the B and D series, was pre-inserted into the upper layer of a lipid bilayer. This system was intended to mimic the initial configuration of the protein with respect to neuronal cell membrane right after its enzymatic cleavage from its precursor APP. 11 The initial membrane structure was constructed of four identical smaller equilibrated PC or PC/CHOL lipid bilayers from a previous publication. 34 Beta-amyloid proteins were then inserted into these initial structures. For the A and B series in which a protein was inserted into a pure PC membrane, a void was created by removing two PC molecules in the upper layer from the original structure. One protein molecule, Aβ 40 , for A series, or Aβ 42 , for B series, was inserted into this void. This new structure underwent energy minimization in vacuum to remove energetically unfavorable close contacts between the protein and lipid molecules. The energy-minimized structure was subsequently solvated in a water box then underwent energy minimization again in the presence of solvent. This was followed by a 100 ps simulation on the solvated system in which each atom of the protein or lipid molecule was position-restrained by coupling to its current position with a spring constant of 5000 kJ nm −2 mol −1 . The above preparation procedures were effective in preventing the system from structurally disruptive shock at the beginning of each production run due to local incomplete solvation. The procedures for preparing the C and D series were similar, except that two PC and one CHOL molecules were removed before the protein preinsertion.
The final structures from the preparative procedures described above were taken as the initial structures for the 200 ns production runs. The initial system size of the simulation box was 13.57 × 14.80 × 11.59 nm 3 for the A series, 13.24 × 14.44 × 11.71 nm 3 for the B series, 13.82 × 15.98 × 14.40 nm 3 for the C series, and 13.45 × 15.55 × 14.01 nm 3 for the D series. There were 574 PC molecules for the PC bilayers in the A and B series. There were 574 PC molecules and 383 cholesterol molecules for the PC/CHOL bilayers in the C and D series. To assess the effect of the Aβ peptides on lipid membranes, control systems of PC and PC/ CHOL lipid bilayers without the protein were constructed using identical preparative procedure but excluding the lipid removal and protein insertion steps. For the control systems, the initial simulation box was 13.30 × 14.51 × 13.26 nm 3 for the pure PC and 13.52 × 15.64 × 14.31 nm 3 for the PC/CHOL. Molecular Dynamics (MD) simulations of six different series, A-D series in the presence of protein and two pure lipid bilayer control series with no protein, were performed using the Gromacs 4.0 package [35] [36] [37] [38] with the GROMOS 87 force field and under constant number, pressure, and temperature (NPT) conditions. Periodic boundary conditions were applied to the x, y, and z directions for the whole system. Initial coordinates for POPC 34 and Cholesterol 39 were obtained from published data with details given elsewhere. 34 A simple point charge (SPC) model 40 was employed for water. The non-bonded van de Waals interactions were estimated using a twin-range cut-off Lennard-Jones potential, 36 with interactions within 1.0 nm evaluated every step and interactions between 1.0 and 1.5 nm evaluated every 10 steps. Bond lengths were constrained by a linear constraint solver (LINCS) algorithm. 41 Short-range electrostatic interactions were calculated with a smoothly-shifted coulomb potential; 42 and long-range electrostatic interactions were approximated by a Particle-Mesh Ewald (PME) algorithm. 43, 44 A leapfrog integrator 45 was used for all systems with a 2 fs time step. Water, lipids, and protein in the simulation system were coupled separately to temperature baths of 300 K with a coupling time of 0.05 ps, using a v-rescale thermostat. 42, 46, 47 Isotropic pressures of 1 atm were maintained through a Berendsen barostat 48 with a coupling time of 1 ps.
Data Analysis and Visualization
To analyze the membrane disruption due to the presence of protein, the lipids of each replicate were partitioned into two groups: the annular lipids (ALs) and the non-annular lipids (nALs). 49, 50 Here, ALs were defined as those lipids that were within 0.5 nm of the protein along the x-y plane and therefore confined to a cylinder-like column of irregular cross-section enclosing the protein. Lipids that were not ALs were nALs. See S1 in Supporting Information for selection details.
Surface Areas of PC and Cholesterol-The average surface areas of PC (A PC )
and cholesterol (A c ) were calculated based on a method originally proposed by Hofsass et al. 51 with some modifications to take into account of the presence of the embedded protein.
In our method, the total volume of the protein (v p ), the partial volume of the protein embedded in the lipid bilayer (v p ′), the average volume of PC (v PC ), and the average thickness of lipid bilayer (h) have to be estimated. The calculations and the assumptions used in the estimation of the protein and lipid parameters are given below.
A Monte Carlo integration method was used to calculate the total and partial protein volumes, i.e., v P and v P ′, respectively. This method is similar to the estimation of the crosssection area (A) of the conformal AL column mentioned in Supporting Information except that the integration was carried out in 3 dimensions for the volume calculation. The whole AL column was placed inside a 3 dimensional rectangular box with a pre-determined volume of V B . Uniformly distributed random sampling points were generated inside this rectangular box. If the distance between a sampling point and any atom of the protein is less than twice the van der Waals radius of the atom under consideration, this sampling point is considered to be located inside the protein region. Although this cut-off distance, twice the van der Waals radius, of an atom of protein, may be arbitrary, this approach may take into account the void volume inside the alpha helix barrel and the void volume between the protein and lipid molecules. Finally, v P was estimated using the following equation (1) where n protein is the number of sampling points inside the protein region, and n is the total number of sampling points. Error estimation is the same as in cross-section area calculation.
To calculate the partial volume v P ′, only those residues that satisfied the criterion of z p − z c + r VDW ≥ 0 were counted as the "embedded" residues inside the lipid bilayer. Here z p and z c are defined as the average z-position of the phosphorus (P8) of the PC in the upper layer and the exact z-position of the backbone carbon (C α ) of each residue of the protein, respectively, and r VDW the van der Waals radius of the C α . The use of approximately three million sample points ensured a precision of 3% with a 99% confidence interval, according to the worst-case sample size suggested by Fishman. 52 The average volume of PC (v PC ) was calculated by subtracting the volumes occupied by the water (n w · v w ), the cholesterol (n CHOL · v CHOL ) and the protein (v p ) from the volume of the AL or nAL region of interest (v ROI ), and then divided by n PC as shown in Eq. 2 below. Here n w , n CHOL and n PC represent the numbers of water, CHOL and PC within the v ROI . Also, v w and v CHOL correspond to the estimated average volumes of water and cholesterol of 0.031546 and 0.593 nm 3 , respectively, from a recent study. 53 (2) For nAL there is no protein, so the value of v p is zero in Eq. 2.
The average thickness of the lipid bilayer (h) was obtained by dividing the volume of the lipid bilayer (v LB ) with or without the embedded protein segment with the cross-section area (A) of the region of interest, AL or nAL, as shown in Eq. 3. Here v LB was estimated by subtracting the volumes occupied by the non-embedded protein (v P -v P ′) and the water (n w · v w ). For the case of nAL where the protein is not present, the value of (v P -v P ′) is zero in Eq. 3.
Finally, the A PC and A C were deduced from the estimated v PC (Eq. 2) and h (Eq. 3) as shown in Eqs. 4 and 5, respectively. 
Lipid Order Parameter-
The average deuterium order parameter <S> of both sn-1 and sn-2 chains of PC in all A-D series as a function of carbon number was calculated using the Gromacs analysis tool g_order. 38 The average orientational order parameter of CHOL in C and D series was also calculated. This order parameter of CHOL is defined as <(3cos 2 θ −1)/2> where θ is the angle between the z-axis (the membrane normal) and the plane of the sterol rings as determined by the three carbon atoms C5, C13, and C16 in the united-atom topology of cholesterol. 39 The above angular bracket represents the average over all the lipid molecules involved within a given region, i.e., AL or nAL. All lipid order parameters were calculated over the last 25 ns of the simulations.
Transbilayer density profile-
The transbilayer density profiles for different atom types, the phosphorus of PC (P), the 3-β oxygen of CHOL (C), and the oxygen of water (W), defined as ρ P (z), ρ C (z) and ρ W (z), respectively, were calculated over the last 25 ns of the simulations for both the AL and nAL regions. The calculation of ρ i (z) for the i th atom type is given by. (6) Here, N i (z) is the number of particles for the i th atom type within a thin z-slice at zcoordinate, A is the area of the AL column or the nAL region, and Δz is the thickness of the z-slice, which also limits the z-resolution of the density calculation. In this study, Δz was fixed at 0.32 nm. The irregular cross-section area A was calculated by a Monte Carlo integration method. See S2 and S3 in Supporting Information for the details of the calculations of A and N i (z). 40 and Aβ 42 were analyzed by a Defined Secondary Structure of Protein (DSSP) program. 54,55 Snapshots of proteins with detailed secondary structures obtained from DSSP were generated by the visualization programs, Molscript v2.1 56 and Raster3D v2.9.2. 57 Snapshots of protein in the presence of lipid bilayers were generated by Visual Molecular Dynamics program VMD v1.8.7. 58
Protein Secondary Structures-The secondary structures of Aβ
RESULTS
Starting Simulation Structures of Beta-Amyloid/Lipid/water/ion Complexes
The initial structures of Aβ 40 and Aβ 42 in this study are illustrated in Fig. 1 . The atomic coordinates of Aβ 40 were obtained from the published solution-structure of Aβ 40 in a micelle-water environment, a mimic of the water-lipid bilayer, according to Coles et al. 11 To create the initial structure of Aβ 42 , two residues, ILE and ALA, were added to the Cterminus of Aβ 40 (see Materials and Methods). Both Aβ 40 and Aβ 42 in this study had a net charge of −3, and the charge distribution among the residues is depicted in Fig. 1 . In Aβ 40 , there are six negatively charged residues: Glu-3, Asp-7, Glu-11, Glu-22, Asp-23, a deprotonated Val-40 (C-terminus), and three positively charged residues: Arg-5, Lys-16 and Lys-28. The charge distribution of Aβ 42 differs from that of Aβ 40 only in the location of the negatively charged C-terminus, which is at Ala-42.
Both Aβ 40 and Aβ 42 can be divided into structurally distinct segments: an N-terminal random coil (residues 1 to 14), a C-terminal alpha barrel (residues 15 to 36), and a short random coil tail (residue 37 to 40 for Aβ 40 and 37 to 42 for Aβ 42 ). Within the C-terminal region, a transmembrane lipid insertion domain (LID) spans residues 28 to 40 or 42 for Aβ 40 or Aβ 42 , respectively. The LID is highlighted in Fig. 1 . Except for the initial positivelycharged Lys-28 and the negatively-charged C-terminus, the peptides in this short domain are neutral and highly hydrophobic. 11 Each beta-amyloid/lipid/water/ion complex was constructed by inserting Aβ 40 or Aβ 42 into a PC or PC/CHOL bilayer. Initially, the LID of the protein was placed in the void created at the center of the upper bilayer leaflet. In each case, the C-terminus of the protein was placed at the center of the bilayer (z = 0), with the long axis of the alpha barrel in a vertical orientation, parallel to the z-axis or the bilayer normal, as demonstrated in Fig. 2 . This orientation brought the positively charged Lys-28 near the lipid/water interface after the energy minimization and solvation steps (see Materials and Methods). Note that this partially-inserted structure represents a possible membrane location of beta-amyloid upon its release from the APP by the sequential proteolytic cleavages of β and γ-secretases invivo. 3, 9, 11 The first column of Fig. 2 depicts the initial structures of the four beta-amyloid/lipid complexes: Aβ 40 in PC (A0), Aβ 42 in PC (B0), Aβ 40 in PC/CHOL (C0), and Aβ 42 in PC/ CHOL (D0), where 0 indicates initial structure. Water molecules were present in all complexes but for clarity are not shown in Fig. 2 . These four molecular complexes represent beta-amyloid proteins of two different chain lengths (40 and 42 residues) in two different lipid environments, PC and PC/CHOL. These complexes mimic the beta-amyloid peptides in the cholesterol-depleted or cholesterol-enriched domains of heterogeneous neuronal membranes immediately after being released from the APP by the secretases. 3
Protein Orientations in Cholesterol-depleted and -enriched Membranes
Each starting structure, A0, B0, C0 or D0 (first column), underwent four independent 200-ns MD simulations, or replicates. The next four columns (2 nd to 5 th ) of Fig. 2 display the final 200-ns structures of each replicate. These are identified as A1-A4, B1-B4, C1-C4 and D1-D4, for Aβ 40 in PC, Aβ 42 in PC, Aβ 40 in PC/CHOL and Aβ 42 in PC/CHOL, respectively. Although water molecules were present during the simulations, they are not shown for clarity in Fig. 2 . To highlight the hydrophobic region of the bilayer, the acyl chains of PC and the nonpolar region (fused rings and chain) of CHOL are labeled in gray and red, respectively. The polar regions, the polar headgroup of PC and the 3-β OH headgroup of CHOL, are labeled in blue and gold, respectively. Fig. 2 is a molecular-level visualization of the protein insertion efficiency, or the probability of insertion in a replicate within the 200 ns observation time of this study. In PC bilayers (A and B series), only A1 for Aβ 40 (or 25% of the A-series replicates) and B1 and B2 for Aβ 42 (or 50% of the B-series replicates) exhibited complete insertion into the bilayer: the "fullyinserted" state. Here, the fully-inserted state was indicated by the C-terminus of the protein migrating through the acyl chain region and anchoring at the polar PC headgroup region of the lower monolayer. For the case of Aβ 40 in PC (A-series), the three other replicates (A2-A4) adopted a membrane surface-interaction state, in which the long axis of the alpha barrel within the C-terminal segment tended to align parallel to the x-y plane or the plane of the bilayer. Interestingly, the C-terminus of the A2-A4 replicate protein anchored in the PC polar headgroup region of the upper lipid monolayer instead of the lower lipid monolayer as in A1. This anchoring to the upper monolayer helped stabilize the surface state throughout the 200 ns simulation time. For Aβ 42 in PC (B-series), the long axis of the alpha barrel of the protein in B3 was oriented along the membrane normal, whereas that of B4 was tilted. However, the C-terminus of B3 and B4 was not anchored to the headgroups of either leaflet, but instead dangled near the middle of the bilayer. Hence, B3 and B4 were designated "partially inserted".
In PC/CHOL bilayers (C and D series), two replicates of Aβ 40 (C1 and C2, 50% of C-series) and all four replicates of Aβ 42 (D1-D4, 100% of D-series) ended in the fully inserted state. The other two Aβ 40 replicates, C3 and C4, were partially inserted. The above assignments of surface, partially inserted and fully inserted states of all replicates are summarized in Table  1 .
Protein Conformational Transition in Cholesterol-depleted and -enriched Membranes
The conformational structures of beta-amyloid in lipid bilayers were examined by DSSP analysis (see Materials and Methods). A summary of the secondary structures, expressed as percentage of residues participating in the alpha-helix and beta-sheet structures of the protein, at the beginning and during the last 25 ns of the simulations, is shown in Table 1 .
Here, we are primarily interested in the conformational transition of two domains, the non-LID (Asp-1 to Asn-27) and the LID (Lys-28 to C-terminus), as described earlier and shown in Fig. 1 . As noted in Materials and Methods, the LID represents the portion of the peptide that was pre-inserted into the upper-leaflet of the bilayer in the intial structure. The non-LID region contains the entire random coil N-terminal (residues 1 to 14) and the first part of the C-terminal (residues 15 to 27) whereas the LID region covers the rest of the C-terminal.
The conformational transition of beta-amyloid in PC bilayers (A and B series) is examined first. Fig. 3 shows the evolution of the secondary structure of the protein or DSSP profile throughout the entire 200 ns-simulations for several replicates, i.e., A1, A4, B1 and B2. Here A1, B1 and B2 were in the fully inserted state whereas A4 was in the surface state. As shown in Fig. 3 , the alpha-helix structure of both A1 and B1 was largely preserved in both non-LID and LID regions. In contrast, a significant protein folding from a random coil to a beta sheet structure was found in the N-terminal segment (residue 1 to 14) of the non-LID region for the surface state, A4. Yet, the alpha structure for both non-LID and LID regions of A4 was also preserved. For B2, a moderate unfolding from 35.7 to 20% in the non-LID but a large unfolding from 23.8 to 2.2 % in the LID of alpha-helix were evident as shown in Fig. 3 and Table 1 . The other replicates in the A-series, A2 and A3 were similar to A4 in alpha-helix content, but A2 did not show beta-sheet structure as shown in Table 1 . The Bseries replicates B3 and B4 were in the partially inserted state and showed similar alphahelix contents to B1 and B2 and no evidence of beta sheet formation.
The conformational transition of beta-amyloid in PC/CHOL bilayers (C and D series) was examined next. Fig. 4 shows the DSSP profiles for several replicates, i.e., C1, C2, D1 and D3, all in the fully inserted state at the end of the simulations. Similar to A1 or B1, the alpha-helix content of C1, D1, D2 and D4 was largely preserved. In contrast, there was a large unfolding of alpha-helix from 22.5 to 0% in C2 and 23.8 to 5.2% in D3. For the other replicates in the C-series, C3 and C4 were in the partially inserted state with about 13 to 20% alpha-helix in both non-LID and LID regions as shown in Table 1 .
The more detailed atomistic structures of A1, B1, C1 and D1, all fully inserted states, are shown in Fig. 5 . It is clear that the LID of either Aβ 40 or Aβ 42 was completely embedded into the acyl chain region while the non-LID stayed mainly within the polar region of the bilayer. The positively charged Lys-28 and negatively charged C-terminus, marking the beginning and end residues of the LID region as shown in Fig. 1 , respectively, were found to attach to the negatively charged nitrogen (N4) of PC of the upper layer and the positively charged phosphorous (P8) of PC of the lower layer, respectively.
Protein-Induced Membrane Disruption in Cholesterol-depleted and -enriched Membranes
The extent of membrane disruption by Aβ 40 or Aβ 42 in different states (surface and inserted) in PC and PC/CHOL was studied. The membrane disruption was quantified by three biophysical parameters: surface area per lipid ( Fig. 6 ), transbilayer density thickness of lipid polar group and water (Fig. 7) , and order parameter of lipid ( Figs. 8-10 ). These parameters were determined for both the annular lipids (ALs) and the non-annular lipids (nALs), as described in Materials and Methods. The differences in membrane parameters between the ALs and nALs provide sensitive, non-invasive indicators of protein-induced membrane disruption in cholesterol-depleted and -enriched membranes. As important controls for assessing the protein effects on the membranes, the above biophysical parameters were also calculated for the pure PC and PC/CHOL bilayers in the absence of protein (See Materials and Methods). The following four subsections describe the results.
Surface Area per Lipid-
The average surface area of PC (A PC ) was calculated for nALs and ALs for the PC and PC/CHOL bilayers and for the PC lipids in the control pure PC and PC/CHOL bilayers. The last 25 ns of the simulations were used, and the results are summarized in Fig. 6 . In the PC membrane, the A PC of the nALs was 66.24 Å 2 for the surface state of Aβ 40 and 63.14 Å 2 for the inserted state of Aβ 42 , but increased to 73.87 and 68.05 Å 2 for the ALs, representing a change of ~ 12 and 8%, respectively. The A PC in the control, i.e., pure PC without protein, was 65.50 Å 2 very similar to the calculated value of A PC of the nALs. In the PC/CHOL membrane, the A PC of the nALs was 52.54 Å 2 for Aβ 40 and 50.92 Å 2 for Aβ 42 , all in the inserted state. These values increased to 70.52 and 65.21 Å2 for the ALs, respectively, that amounted to an increase of ~ 34 and 28%, respectively. The A PC of the pure PC/CHOL bilayers (control) was 51.15 Å 2 , similar to the A PC of the nALs noted above.
The average surface area of CHOL (A C ) was also calculated for both nALs and ALs in the PC/CHOL bilayers as well as for all the cholesterol in the control pure PC and PC/CHOL bilayers over the last 25 ns of the simulations, and the results are summarized in Fig. 6 . The A C of the nALs was 31.75 Å 2 for Aβ 40 and 30.81 Å 2 for Aβ 42 , and was 30.05 and 29.75 Å2 for the ALs, respectively. The A C of the pure PC/CHOL (control) was 31.15 Å 2 , very close to the values in ALs or nALs described above. The number density of water oxygen decreased progressively as the relative z-distance from the bilayer center, or | z |, decreased in the upper and lower layers as shown in Figs. S2A, S2B, S3A and S3B. Therefore, this z-profile of water density provides useful information about the transbilayer water permeability barrier of the lipid bilayer. To provide a quantitative measure of this permeability barrier, the z-distance of the water density profile at a fixed density of 1 nm −3 , defined in here as the "critical" transbilayer water barrier or z W , was determined. The critical density of 1 nm −3 is ~ 3% of the known number density of bulk water, which is about 33.3 nm −3 . This 1 nm −3 critical density provided a common gauge to compare water barrier thickness among the bilayer membranes of all six series, i.e., A-D and two pure bilayer controls.
Transbilayer Density Profiles of Lipid Polar Group and Water-The
The above three transbilayer membrane parameters (z P , z C and z W ) calculated from the density profiles of the ALs and nALs of all replicates in series A-D and in the two bilayer controls over the last 25 ns of the simulations are summarized in Fig. 7 . Similar to those of surface area in Fig. 6 , the data shown in Fig. 7 represent averages over the combined partially and fully inserted states for either Aβ 42 in PC (B1-B4) or Aβ 40 in PC/CHOL (C1-C4).
The results of the transbilayer PC thickness were first examined. In the nALs of the PC bilayers ( Fig. 7) , the average z P was 3.50 nm for the surface state of Aβ 40 and 3.66 nm for the inserted state of Aβ 40 . However, these values dropped to 3.24 nm and 3.07 nm in the ALs, a decline of ~ 7 and 16%, respectively. For comparison, the z P was 3.62 nm in pure PC bilayers (control) and very similar to the above values in the nALs. The nALs of PC/CHOL bilayers showed an average z P of 4.16 nm for Aβ 40 and 4.29 nm for Aβ 42 both in the inserted state. Yet z P for the ALs was 3.67 and 3.83 nm, ~12 and 11 % less than the nALs. Also for comparison, the z P was 4.25 nm in pure PC/CHOL bilayers (control) and very similar to the above values in the nALs. We notice that the overall z P of the pure PC/CHOL bilayers was ~ 17% larger than that of the pure PC bilayers. This cholesterol-induced increase in bilayer thickness is clearly evident in Figs. 2 and 5 .
The results of the transbilayer cholesterol thickness in PC/CHOL were also examined. Here the average z C was 3.35 nm for Aβ 40 and 3.44 m for Aβ 42 for the nALs but declined ~13 and 15% to 2.94 and 2.90 nm for the ALs. For comparison, the z C was 3.41 nm in pure PC/ CHOL bilayers (control) and very similar to the above values in the nALs.
Overall, the above transbilayer lipid (PC and CHOL) thickness results indicate that the protein created a moderate decline in the bilayer thickness and that in the absence of cholesterol the inserted state protein perturbed the bilayer thickness slightly more than the surface state protein.
Finally, the transbilayer water profile was examined. In the nAL region of PC bilayers, the average z W was 2.02 nm for the surface state of Aβ 40 and 2.13 nm for the inserted state of Aβ 42 as shown in Fig. 7 . However, in the ALs, z W dropped to 1.82 nm and 1.54 nm, representing a decline of ~ 10 and 28%, respectively. In the nALs of PC/CHOL bilayers, the average z w was 2.97 nm for Aβ 40 and 3.08 nm for Aβ 42 in the inserted state. In the ALs, these values dropped to 2.56 nm and 2.55 nm, i.e., a decline of ~14 and 17 %, respectively. For comparison, the z W was 2.11 nm in pure PC and 3.01 nm in pure PC/CHOL, similar to the corresponding value in nALs shown above. These results suggest that the protein induced larger decline in the water barrier thickness for Aβ 42 than for Aβ 40 in either PC or PC/CHOL bilayers. The observed change was less in PC/CHOL than PC in the inserted state.
Order Parameters of PC Acyl chains-
The average order parameters of the PC acyl chains, sn-1 (S P1 ) and sn-2 (S P2 ), in PC bilayers for typical replicates are shown in Fig.  8 . The results are categorized by proximity to the protein (nALs or ALs) and by leaflet (upper or lower layer). In general, the value of S P1 or S P2 was smaller in the ALs than in the nALs suggesting that the protein disturbed the order of nearby acyl chains. Similar results were seen for PC/CHOL bilayers as demonstrated by Fig. 9 .
For both Aβ 40 and Aβ 42 in PC bilayers as illustrated in Fig. 8 , nALs show a progressive decline in the order parameter of the saturated sn-1 chain (16:0) as a function of carbon number (n), and a prominent dip of the order at n = 9, the location of the double-bond of the unsaturated sn-2 chain (18:1).
For Aβ 40 in the fully inserted state (A1), S P1 for n < 9 and S P2 for n > 9 were much smaller in the ALs than in the nALs of the upper layer. In contrast, for Aβ 40 in the surface state (A4), both S P1 and S P2 for n < 6 were only slightly smaller in the ALs than in the nALs of the upper layer. These observations indicate that Aβ 40 perturbs the acyl chains of the upper layer more effectively when fully inserted than when remaining in the surface state. For the lipids in the lower layer of either A1 or A4, the values of S P1 in the ALs were similar to those in the nALs for all n's. A similar observation was found for the values of S P2 . These results suggest a lack of perturbation of the acyl chain order in the lower layer by Aβ 40 in either inserted or surface state.
For Aβ 42 in the fully inserted state (B1), S P1 for n < 9 was smaller in the ALs than in the nALs of the upper layer, while S P2 remained the same in ALs and nALs. Again, for the lipids in the lower layer, the values of S P1 or S P2 in ALs were similar to those in the nALs indicating no significant acyl chain perturbation induced by the inserted Aβ 42 in the lower lipid layer. For Aβ 42 in the partially inserted state (B4), S P1 for all n in ALs was similar to that in nALs, but S P2 for all n < 9 was much smaller in the ALs than in the nALs in the upper layer. For the lower layer, S P1 for n < 9 and S P2 for all n were much smaller in ALs than in nALs. It is interesting that in the fully inserted state Aβ 42 had little effect on the lipid order in the lower lipid layer, but when partially inserted, a large decline for B4 was detected. This suggests that for pure PC membranes, the partially inserted state is the most perturbing, and that the sn-2 chains were preferentially disturbed by Aβ 42 .
As shown in Fig. 9 , the values of S P1 and S P2 for lipids in PC/CHOL bilayers were significantly higher than those in the PC bilayers. Here, the fully inserted (C1) or partially inserted (C4) Aβ 40 in PC/CHOL bilayers has only moderate perturbation effects in lowering the S P1 or S P2 of the ALs in the upper layer when compared with the inserted Aβ 40 in PC bilayers (see Fig. 8 ). However, for the lower lipid layer, strong perturbations by the inserted or partially inserted Aβ 40 in the ALs of PC/CHOL bilayers ( Fig. 9 ) were evident when compared with no perturbation at all for the inserted Aβ 40 in PC bilayers (see Fig. 8 ). In addition, Aβ 42 appeared to be more effective than Aβ 40 in inducing acyl chain disorder, especially in the lower leaflet as clearly demonstrated in Fig. 9 .
As controls, the average S P1 and S P2 of all PC lipids in the pure PC and PC/CHOL bilayers in the absence of protein were calculated over the last 25 ns of the simulations. The results of the controls were directly compared with the order parameters in the nALs for the same representative replicates (A1, A4, B1, B4, C1, C4 and D1 and D3) as described above. As demonstrated in Figs. S4A and S4B of SI, the values of S P2 in the upper or lower layer of PC and PC/CHOL were almost identical to those in the nALs of the same bilayers for either Aβ 40 or Aβ 42 . On the other hand, the values of S P1 in the nALs of Aβ 40 in PC (A1 and A4) and in PC/CHOL (C1 and C4) bilayers were slightly lower than those in the pure PC. The reverse, i.e., the order in control slightly higher than that in nALs, was evident for Aβ 42 in PC (B1 and B4) and in PC/CHOL (D1 and D3) bilayers. The difference between the control and the nALs was however much smaller than the large perturbation effect of protein in the ALs as shown in Figs. 8 and 9 .
Order Parameters of
Cholesterol-Cholesterol order parameter (S C ) provides a unique measure of the orientational distribution of the long axis of the cholesterol rings with respect to the normal of the PC/CHOL bilayer. Fig. 10 summarizes the average S C of ALs and nALs in both upper and lower leaflets of PC/CHOL for Aβ 40 and Aβ 42 . The average S C of nALs was 0.62 in the upper layer and 0.70 in the lower layer for Aβ 40 , but slightly higher at 0.66 and 0.74, respectively, for Aβ 42 . Similar to the trend of S P1 and S P2 of PC, the S C of ALs in either upper or lower layer was smaller than that of nALs for both Aβ 40 and Aβ 42 . For the ALs in Aβ 40 , the average S C was 0.42 in the upper layer and 0.50 in the lower layer, reductions of approximately 32 and 29% compared with that of nALs. For Aβ 42 , the order parameter declined 8% and 23% between AL and nAL cholesterol for the upper and lower leaflets. Therefore, Aβ 40 disrupted the cholesterol orientational distribution in the upper layer more than Aβ 42 , whereas the extent of disruption was similar in the lower layer. As controls, the average S C of cholesterol was 0.66 in the upper layer and 0.71 in the lower layer of the pure PC/CHOL bilayers. These values were very similar to those in the nALs of the upper and lower layers as described above.
Site-specific Cholesterol Interaction Dynamics with
Protein-Residuespecific cholesterol/protein interaction dynamics based on the time evolution of the minimum distance between the cholesterol and each individual protein residue was examined. Figs. 11 and 12 show the kinetics of representative replicates (C1, C2, D1 and D3). Since a cutoff of 5 Å was used to define the AL boundary and a distance range of 0 to 5 Å was used in generating the plots, Figs. 11 and 12 highlight the interaction dynamics of cholesterol within the ALs. It is clear that most of interactions between cholesterol and the protein were within the LID of either Aβ 40 or Aβ 42 . Generally, large fluctuation in the minimum distance with an average > 3 Å were found. However, Lys-28 of C1 (Fig. 11 ) clearly shows a minimum distance of around ~ 2Å, which remained stable for the last 25 ns of the simulations. A previous study of cholesterol interaction dynamics with a 17-residue long membrane-active peptide dynorphin A also showed a close interaction distance between cholesterol and Lys-11 of ~ 2Å. 17 Close examination of replicate C1 during the last 25 ns revealed interactions between the 3-β hydroxyl group of cholesterol and the Lys-28 residue of Aβ 40 as shown in Fig. 13 .
To further examine the possibility of local cholesterol enrichment around the protein in the ALs, the local molar ratio of cholesterol X CHOL , defined as Chol/(PC+CHOL), was calculated using the last 25 ns of the simulations. For the representative replicates, the value of X CHOL (mean ± SD of mean) in the ALs was 0.436 ± 0.023 for C1, 0.413 ± 0.030 for C2, 0.369 ± 0.020 for D1 and 0.360 ± 0.026 for D3. For comparison, the value of X CHOL in the nALs was 0.399 ± 0.001, 0.4000 ± 0.001, 0.401 ± 0.001 and 0.402 ± 0.001, as expected. Hence, no significant enrichment of cholesterol in the ALs, except perhaps a slight increase for C1, was evident. The time evolution of X CHOL in both ALs and nALs for the above replicates are given in Fig. S5 of Supporting Information.
DISCUSSION
An atomistic MD simulation was employed to examine the role of cholesterol in modulating the membrane interactions of two beta-amyloid peptides. The peptides, Aβ 40 and Aβ 42 , interacted with PC and PC/CHOL bilayers that mimic cholesterol-depleted and -enriched membrane domains of the neuronal membranes. Starting from a partially inserted membrane orientation, we have used 200 ns-simulations to investigate (1) the protein orientation in the lipid bilayer, (2) the protein folding/unfolding behavior in the LID and non-LID regions, and (3) the protein-induced membrane disruption in the bilayers. These three membraneassociated events relate to early membrane interactions of the beta-amyloid peptide as it is released from the parent-APP by the secretases in-vivo. 3 Sixteen independent simulation replicates and eight pure lipid bilayer controls representing a total simulation time of 4.8 microseconds were successfully generated and systematically analyzed to reveal the role of cholesterol in these membrane interaction events.
The membrane orientation and interaction events of Aβ with neuronal membranes in atomistic details and biologically relevant time scale are important unsolved problems. This MD simulation study provides evidence that the shorter Aβ 40 prefers the surface state over the inserted state in cholesterol-depleted membranes. However, in cholesterol-enriched membranes, the Aβ 40 exhibited only partially or fully inserted state with no sign of surface state. For the case of the longer Aβ 42 , the peptide exhibited only the partially or fully inserted state in cholesterol-depleted membranes but exclusively the fully inserted state in cholesterol-enriched membranes. The unique surface state preference of Aβ 40 in cholesteroldepleted membranes suggests that the shorter Aβ 40 released in a disordered cholesterol-free lipid domain is likely to migrate to the membrane surface. On the other hand, in a more ordered lipid domain with cholesterol, or a lipid raft, newly released Aβ 40 will stay in the inserted orientation. For the more hydrophobic, longer Aβ 42 , the peptide stays in the inserted orientation whether or not it is released in a cholesterol-enriched domain. However, the depth and possibly the stability of the inserted state do depend on cholesterol enrichment. These observations indicate the importance of the site of beta-amyloid release in the highly heterogeneous neuronal membranes regarding the preference of protein membrane orientation. 59 Our study also suggests an interesting insertion stabilization mechanism of beta-amyloid in membrane. With the peptide in an initial orientation in which the Lys-28 is at the lipid/water interface and the C-terminus at the lipid bilayer center, we observed Lys-28 snorkeling. 60, 61 In all the inserted states observed in this study, the lysine residue stretched to the charged region to the negatively charged PC phosphorus or in few cases to the 3-β hydroxyl polar group of cholesterol ( Figs. 5 and 13 ). In addition, the negatively charged C-terminus was found to anchor to the positively charged PC nitrogen (Figs. 2 and 5 ). This intriguing dualdocking mechanism, lysine snorkeling to the upper layer and C-terminus anchoring to the lower layer, appears to stabilize the fully inserted protein orientation. This protein insertionstabilization mechanism might operate in the neuronal membrane in-vivo to keep the newly released protein in the inserted state upon its release by the secretases. An interesting implication inferred from this simulation study is that cholesterol essentially doubles the insertion efficiency of the peptide, i.e., from 25 to 50% for Aβ 40 (A to C series) and 50% to 100% for Aβ 42 (B to D series). Of course, determining the true insertion efficiency will require more replicates and longer observation time. Note that previous experiment work has indicated that cholesterol strongly promotes Aβ 40 insertion in saturated PC bilayers. 7 Protein folding/unfolding events of the LID and non-LID in the cholesterol-depleted andenriched membranes were examined by calculating the percentages of ordered structures, alpha-helix and beta sheet in the two protein domains ( Table 1 ). The LID is a unique peptide domain that begins with a positively charged Lys-28, followed by a region of highly hydrophobic and neutral segment and then ends with a negatively charged C-terminus. The non-LID, on the other hand, is charged and polar. Therefore, the non-LID interacts exclusively with the polar region of the membranes whereas the LID interacts with the lipid acyl chains only when the peptide is in the inserted state (Fig. 2) . We observed prominent membrane surface-assisted protein folding in the PC membrane only. There, random coil-tobeta sheet transition occurred in the non-LID of Aβ 40 for replicates A3 and A4, two of the three observed surface states for Aβ 40 . This result suggests that the highly disordered cholesterol-depleted lipid domain provides a favorable surface for the non-LID to interact with the polar region of the membrane. This gives rise to the highly structured beta sheet on the membrane surface. This structured motif of the protein might represent a 2D surfacetemplate 6 for the formation of the beta-amyloid oligomers by recruiting other beta-amyloid peptides either in the membrane or from the aqueous phase. More simulation and experimental studies are needed to confirm this membrane event.
Interestingly, the longer and more hydrophobic peptide, Aβ 42 exhibited only the inserted orientation in the absence of cholesterol and the non-LID showed no protein folding on the membrane surface (Table 1 ). This behavior demonstrates the importance of the protein membrane orientation in protein folding on the cholesterol-depleted membrane surface. In the highly ordered PC/CHOL bilayers, appearance of unstable beta sheets was found for both the non-LID and the LID of Aβ 40 . There were fewer beta sheets in the non-LID of Aβ 42 , and they were less stable. These observations indicate that the highly ordered environment of cholesterol-enriched membranes might promote some unstable beta sheets formation within our current 200 ns simulation time. We do not know whether these unstable beta sheets will dissipate or form stable beta sheets. This awaits future exploration.
In addition to protein folding to beta sheets, we observed protein unfolding from a structured alpha-helix to random coil of both non-LID and LID. There was little protein unfolding in the surface state for either the non-LID or the LID when compared with the inserted state. In addition, for the inserted state, the extent of the unfolding in the non-LID was consistently smaller than that in the LID. At most, 46% of the helix unfolded (non-LID of C3). Unfolding in the LID varied widely, from a slight increase in the helix content for A1 to 0% helix, or complete unfolding, in C2. These observations suggest that partial unfolding of the LID of a newly released Aβ is likely to occur rapidly within the structurally homogeneous and hydrophobic acyl chain region of the neuronal membranes. However the non-LID is likely to unfold more slowly on the more structurally complex polar lipid headgroup region. More replicates and much longer simulations are needed to identify the role of cholesterol in modulating the partial folding of the non-LID and LID of the peptide. However, our cholesterol interaction dynamics results suggest that cholesterol exerts its effects mainly by aligning the PC acyl chains or via the condensing effect 13, 14 rather than by direct contact with the protein.
The protein-induced membrane disruption was measured by eight membrane parameters: surface area per lipid (A P and A C ), transbilayer thickness (z P , z C and z W ) and lipid order (S P1 , S P2 and S C ). These parameters were calculated for the ALs and nALs of the cholesterol-depleted and -enriched membranes. Although the selection of the 0.5 nm cutoff in selecting the AL and nALs is somehow arbitrary, it provides a useful length scale standard to compare the protein-induced effects between two peptides of different lengths and membranes of different cholesterol contents.
Overall both Aβ 40 and Aβ 42 significantly increased the surface area of PC in PC and PC/ CHOL bilayers (Fig. 6 ) upon comparing the measurements in ALs vs. nALs. Only a modest increase in the PC surface area was induced by the protein in PC bilayers. However, a larger increase in the PC surface area by the protein was found in PC/CHOL bilayers. Aβ 40 appeared to perturb the PC surface area slightly more than Aβ 42 (Fig. 6 ) probably due to the hydrophobic mismatch between the shorter Aβ 40 and the thicker PC/CHOL bilayer vs. the longer Aβ 42 and the thicker PC/CHOL. No significant change however was observed in the surface area of cholesterol. This observation suggests that the surface area of cholesterol as calculated by the current method is not a sensitive indicator of protein-induced disruption of membrane structures. Future work on the development of a more accurate method for cholesterol surface determination is still needed to address this address.
Interestingly the extent of protein-induced decline in the average z P and, particularly, z W of Aβ 42 in PC (B series) ranked the highest among the other three systems (A, C and D series. This observation suggests stronger membrane disruption of Aβ 42 in cholesterol-depleted membranes. In addition, the larger protein-induced decline in z W , an important non-invasive marker of membrane disruption, found in the B series agrees with the observation that that Aβ 42 is more neurotoxic than Aβ 40 in cell studies. 3 Our study further suggests that most membrane disruption was associated with Aβ 42 in cholesterol-depleted membranes and that the presence of cholesterol (C and D series) significantly increased the water barrier thickness when compared with the case of no cholesterol (A and B series). This indicates a protective effect of cholesterol in preventing membrane disruption. A similar observation of cholesterol-induced reduction of water influx inside the acyl chain region was also found in a recent study on dimyristoyl-PC (DMPC) and DMPC/CHOL bilayers. 17 Finally, the average S C provides a useful marker for the effect of protein on the sterol orientation in membranes. Here, a larger protein-induced 32% drop in the S C of the upper layer for Aβ 40 than for Aβ 42 in PC/CHOL bilayers may indicate a stronger membrane disruptive effect of Aβ 40 vs. Aβ 42 in cholesterol-enriched membranes. This differential effect may again be related to the hydrophobic length mismatch of the shorter protein placed in a thicker cholesterol-containing membranes. This also agrees with the stronger perturbation effect of Aβ 40 on PC surface area discussed above Interestingly, this mismatch may also explain the presence of partially inserted state for Aβ 40 when only the fully inserted state existed for Aβ 42 . This would reflect the higher energy requirement of stretching the shorter protein in a thicker bilayer.
CONCLUSIONS
In conclusion, our simulation study provides a systematic survey of the membrane interaction events of the beta-amyloid peptides in cholesterol-depleted and -enriched membranes based on the 200 ns-simulation replicates The protective role of cholesterol in preventing beta-sheet formation and the membrane disruption provides some molecularbased insights of the early membrane interaction events of the newly released beta-amyloid from secretases that might be associated with the pathogenesis of Alzheimer's.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The initial secondary structure of either Aβ 40 or Aβ 42 consists of the N-terminal (residue 1 to 14) in a random-coil structure and the C-terminal in an alpha-helix barrel (residue 15 to 36) and a random-coil (residue 37 to 40 or 42). The gold ribbon and line represent the alpha helix and random coil structure, respectively, of the backbone of each peptide. The lipid insertion domain, Lys-28 to 40 or Lys-28 to 42 of Aβ 40 or Aβ 42 , respectively, of each peptide is shown inside a dashed-box. Each peptide was partially inserted into the PC or PC/ CHOL bilayers with the lipid insertion domain buried into the upper layer of the lipid bilayer with the Lys-28 locating on the phosphate headgroup/water interface. The positively charged residues (Arg-5, Lys-16 and Lys-28) of the protein are in green, whereas the negatively charged residues (Glu-3, Asp-7, Glu-11, Glu-22, Asp-23 and Val-40 or Ala-42) in red. The secondary structures of Aβ 40 and Aβ 42 in PC bilayers were calculated by DSSP from the representative trajectories, A1, A4, B1 and B2. At the end of the 200 ns-simulations, A4 was in the surface state while A1, B1 and B2 in the fully inserted state (see Fig. 2 and Table  1 ). Snapshot structures of the peptides at some representative simulation time points based on DSSP analysis are also shown. The location of the end C-or N-terminus is indicated for clarity.
Fig. 4. Representative secondary structures as a function of simulation time for Aβ 40 and Aβ 42 in cholesterol-enriched lipid domains
The secondary structures of Aβ 40 and Aβ 42 in PC/CHOL bilayers were calculated by DSSP from the representative trajectories, C1, C2, D1 and D3. At the end of the 200 nssimulations, all the shown trajectories are in the fully inserted state (see Fig. 2 and Table 1 ). See the legend of Fig. 3 for more details. The transbilayer thicknesses of the PC and cholesterol headgroup in the AL column, labeled as black and orange, respectively, and in the nAL region, labled as gray and yellow, respectively, were calculated from the averaged transbilayer peak-to-peak distance of the number density profiles of PC headgroup phosphorus and 3-β hydroxyl polar oxygen in cholesterol, respectively, as demonstrated in Figs. S2 and S3 in Supporting Information. For the case of water, the critical thickness was evaluated from the averaged |z| distance of water profile at a fixed number density of 1 nm −3 in the ALs (dark blue) and in the nALs (light blue) also demonstrated in Figs. S2 and S3 in Supporting Information. The plot represents the average of all three surface states (A2-A4 for Aβ 40 in PC), combined partially and fully inserted states (B1-B4 for Aβ 42 in PC and C1-C4 for Aβ 40 in PC/CHOL) and all fully inserted states (D1-D4 for Aβ 42 in PC/CHOL). The above thickness parameters of PC, cholesterol and water were also calculated in pure PC and PC/CHOL bilayers in the absence of Aβ peptide and are labeled in white, green and orange bars, respectively. All calculations were performed over the last 25 ns of the 200 ns-simulations. The error bar represents the SE of the mean. The cholesterol is represented by van der waals spheres. A close contact between the Lys-23 of Aβ 42 and the 3-β hydroxyl group of cholesterol is clearly observed. See the legend of Fig.  1 for details of the protein representation. 
